Genetic variants, including single-nucleotide variants (SNVs) and copy number variants (CNVs), in the non-coding regions of the human genome can play an important role in human traits and complex diseases. Most of the genome-wide association study (GWAS) signals map to non-coding regions and potentially point to non-coding variants, whereas their functional interpretation is challenging. In this review, we discuss the human non-coding variants and their contributions to human diseases in the following four parts. (i) Functional annotations of non-coding SNPs mapped by GWAS: we discuss recent progress revealing some of the molecular mechanisms for GWAS signals affecting gene function. (ii) Technical progress in interpretation of non-coding variants: we briefly describe some of the technologies for functional annotations of non-coding variants, including the methods for genome-wide mapping of chromatin interaction, computational tools for functional predictions and the new genome editing technologies useful for dissecting potential functional consequences of non-coding variants. (iii) Noncoding CNVs in human diseases: we review our emerging understanding the role of non-coding CNVs in human disease. (iv) Compound inheritance of large genomic deletions and non-coding variants: compound inheritance at a locus consisting of coding variants plus non-coding ones is described.
Introduction
Targeted locus resequencing and whole exome sequencing (WES) in the coding regions of the human genome have revealed a plethora of causative mutations or variants associated with human disease. The possible pathogenic roles of various nonsynonymous variants, including missense, nonsense, frameshift and other types of mutations, can also be predicted by multiple computational tools based on the conserved sequence of protein-coding genes and amino acid changes predicted by the genetic code. Furthermore, the Encyclopedia of DNA Elements (ENCODE) project has provided large data sets of experimental evidence regarding the function of non-coding regulatory elements and gained new insights into the nature of transcription, chromatin structure and histone modification in the human genome (1) . However, the ENCODE is not the Rosetta stone equivalent to the genetic code (1, 2) . Instead, the ENCODE will enable us to further investigate the major but non-coding portions in the human genome and glean insights into how these non-coding variants potentially affect biological functions.
Accumulated evidence suggests that genetic variants in the non-coding but functional elements can be a cause for missing heritability. Notably, most of the single-nucleotide variants/polymorphisms (SNVs/SNPs) suggested by genome-wide association studies (GWAS) that provide statistical evidence for increased risk of complex diseases have been mapped to non-coding regions. The risk variants revealed by GWAS may be linked with a neighboring causative coding variant, but an alternative and more likely explanation is that functionally relevant genetic variants reside in non-coding regions with functional consequences on nearby genes. Accumulating evidence has shown that the GWAS variants are significantly enriched in the functional non-coding regions such as enhancer elements, DNase hypersensitivity regions and chromatin marks (3) (4) (5) . In addition, large-scale structural variants (SVs), including genomic copy number variants (CNVs) and copy number neutral SVs such as inversions, often encompass more than one gene. In previous studies on the functions of CNVs, much effort has been expended on studying dosagesensitive gene(s) in the CNV regions. However, the important role of non-coding regions (including intergenic sequence, noncoding elements within a protein-coding gene and non-coding RNAs such as microRNAs and lncRNAs-long non-coding RNAs) in biological functions and human diseases demand more attention.
In this review, we discuss non-coding variants, the potential effects of such variants on gene function and experimental approaches to assay functional effects of non-coding variants. We briefly describe (i) functional non-coding SNVs revealed by GWAS, (ii) recent advances in functional assays and annotation of non-coding variants, (iii) pathogenic CNVs in non-coding regions and (iv) non-coding CNVs/SNVs in compound inheritance. Illustrative examples are provided from studies of the molecular mechanisms of disease. These will provide further insight into the genetic mechanisms underlying both Mendelian and common complex diseases and other traits.
Functional Annotations of Non-coding SNPs Mapped by GWAS
In the post-GWAS era, an obstacle to understanding genetic mechanisms for common/complex disease and indeed a challenging task has been to uncover the perturbed biological functions implicated in the GWAS signals. A recent review has suggested the following approaches for this purpose: fine mapping in the GWAS loci to identify the functional variants responsible for traits and diseases, functional annotations using computational tools and in vivo/in vitro experimental assays in cells and model organisms (6) . More details have been provided in the study by Edwards et al. (6) . Here we review some new progress in annotating noncoding SNPs mapping to the GWAS identified loci.
Non-coding variants in enhancers are one of the major candidates for functional interpretation of GWAS loci. For example, the NOS1AP gene on human chromosome 1q has been long known to be associated with variability of QT interval and cardiac repolarization (7), whereas the underlying mechanism was unclear. A recent study utilized high-coverage resequencing and regional association for fine mapping in the GWAS locus for QT interval variation, which identified 210 common risk variants (8) . Notably, all of them are non-coding. Further enhancer/suppressor analysis of 12 selected variants located in cardiac phenotype associated DNaseI hypersensitivity sites assisted in the identification of an upstream enhancer variant (rs7539120) associated with QT interval (8) . This variant can affect cardiac function by increasing NOS1AP transcript expression in cardiomyocyte-intercalated discs and increase risk of cardiac arrhythmias (8) . Similar evidence for functional enhancer SNPs has also been observed at many other loci, including the intronic enhancer SNPs at the MEIS1 gene associated with restless legs syndrome (9) and at the BCL11A gene associated with fetal hemoglobin levels (10), the intergenic enhancer SNP upstream to the MYB gene that is a critical regulator of erythroid development and fetal hemoglobin levels (11) , and the recessive mutations in a distal enhancer located 25 kb downstream of PTF1A that is associated with isolated pancreatic agenesis (12) . Furthermore, systematic investigations on the functions of non-coding variants in enhancer elements can be conducted using massively parallel reporter assays (MPRA), the technologies derived from high-throughput sequencing, in cell models or even in vivo in model organisms (13, 14) .
Notably, when investigating the functions of hypothesized enhancer variants, their targets cannot be limited to protein-coding genes. Instead, non-coding genes such as microRNAs (miRNAs) (15) and lncRNAs (16) must be considered. A recent study on the schizophrenia-associated locus at 1p21.3 identified a rare enhancer SNP (chr1:98515539A>T, hg19) with increased risk (15) . The chromatin conformation capture assay showed that this risk allele has no obvious influence on the neighboring genes such as DPYD, but can reduce the expression of non-coding genes MIR137/MIR2682 (15) .
In some instances, such functional variants are located in either the 5′ or 3′ untranslated region (UTR) of the diseaseassociated genes. Utilizing the methods of fine mapping, conditional analyses and exome array genotyping in >8000 individuals from the 'Metabolic Syndrome in Men' cohort (17) , a recent study identified the association of rs11603334 (a SNP located in the 5′ UTR of ARAP1) with fasting proinsulin and type 2 diabetes (18). The allele-specific expression assay in human pancreatic islet samples showed that the risk allele of rs11603334 can upregulate gene expression of ARAP1 by 2-fold, which is also supported by the observation of decreased binding of pancreatic beta cell transcriptional regulators PAX6 and PAX4 to the rs11603334 risk allele and its corresponding increased promoter activity (18) .
In the case of hypertriglyceridemia-associated APOA5, the 3′ UTR SNP rs2266788 was predicted to create a potential miRNA binding site for liver-expressed miR-485-5p (19) . Luciferase reporter assays in both HEK293T cells with a miR485-5p precursor and in HuH-7 cells with endogenously expressed miR-485-5p suggested that the mutant allele of rs2266788 is involved in the miR-485-5p-mediated downregulation of APOA5 (19) .
Despite the above progress, the identification and functional annotations of causal variants in the non-coding regions remain a challenge. This can result from the limitation of fine mapping methods, the existence of functional elements beyond ENCODE and our current state of knowledge, and the failure of in vitro assays in mimicking in vivo conditions.
Technical Progress in Interpretation of Non-coding Variants

Genome interaction
Functional non-coding variants can affect cis-or trans-regulatory elements, suggesting potential genome interaction that can be investigated by various genome technologies. Chromosome Conformation Capture (3C) enables the study of chromatin looping and genome architecture in three dimensions; 3C has been used for functional annotation of the schizophrenia-associated loci suggested by a genome-wide association study (20, 21) . The schizophrenia-associated SNPs identified by GWAS are located in the predicted enhancers downstream of CACNA1C. They map to where the 3C assay in human dorsolateral prefrontal cortex and induced pluripotent stem cells (iPSCs)-derived neurons has revealed promoter-enhancer interaction through chromosome loops (21) .
Further adaptations were made based on the original 3C technology to derive 4C, 5C and HiC. Recently, a new technology named Chromatin Interaction Analysis by Paired-End Tag sequencing (ChIA-PET), which allows the detection of long-range interactions at regions bound by a target protein of interest, has been employed in generating a genome-wide interaction map of regulatory elements in human cells (22) .
The 4C-seq (Circularized Chromosome Conformation Capture combined with high-throughput sequencing) method can achieve the resolution of ∼1 kb, which is useful to map enhancer-promoter interactions. The 4C-seq method has also been used to investigate the chromosome-wide effect of the CNVs associated with Williams-Beuren Syndrome (23) . Chromatin looping and long-range interactions have been observed between the Williams-Beuren Syndrome critical region and its flanking genes.
However, the 4C-seq technology can only investigate a single region of interest at a time (24). Accordingly, a high-throughput method called Capture-C, which combines oligonucleotide capture technology (OCT), 3C and high-throughput sequencing, has been developed to analyze interactions between cis-regulatory elements at hundreds of selected loci at high resolution in a single assay (25) .
Recently, the in situ Hi-C technology, in which DNA-DNA proximity ligation is performed in intact nuclei, has been developed to comprehensively map genome-wide chromatin interactions (26) . The new three-dimensional map of the human genome at the resolution of 1 kb can clearly reveal domain structure, compartmentalization and thousands of chromatin loops that frequently link promoters and enhancers (26) .
The above genome technologies to discern chromosome interactions will expedite functional annotations of the risk SNPs and CNVs associated with complex diseases.
Regulatory quantitative trait loci
One of the major roles of functional non-coding variants is to regulate gene expression. Although it is still challenging to identify the causal variants and uncover their molecular mechanisms in gene regulation, quantitative trait loci (QTL)-mapping approaches in cell lines or tissue samples can be adopted as a first step toward functional interpretation of non-coding variants (27) . Various regulatory QTLs, including the classic expression QTL (eQTL), have been comprehensively discussed in a recent review (27) .
In addition to eQTL, alternative splicing and its associated splicing QTL (sQTL) are another important aspect for functional annotation of non-coding variants (28) . Using whole blood samples from the Framingham Heart Study, a recent genome-wide study identified >572k cis-sQTLs in 2650 unique genes (28) . In addition, these sQTLs were significantly enriched for the risk SNPs revealed in previous GWAS summarized and annotated by the National Human Genome Research Institute (http://www. genome.gov/gwastudies/). Furthermore, 4.5% of the GWAS SNPs have been identified as cis-sQTLs but not cis-eQTLs, which indicates that sQTLs could be independent factors from QTL in interpreting the functional mechanism underlying GWAS loci (28) . Notably, these sQTLs only explain a small portion of the GWAS signals. Therefore, further experimental investigation using additional cell and tissue types may identify more sQTLs for functional interpretation.
Recent studies in the angle of DNA replication also reveal the roles of non-coding variants in controlling DNA replication timing (29) and suggest their indirect connections with gene expression regulation (30) . Based on the sequencing data of the 1000 Genomes Project and newly developed computational methods, researchers have observed inter-individual variations of replication timing in hundreds of loci throughout the human genome, at 16 of which the inherited genetic variants are associated with the replication timing variation (30) . These replication timing QTLs (rtQTL) can be affected in a cis manner by local genetic variants and also be involved in the long-range regulation of gene expression (30).
Computational functional predictions for non-coding variants
Non-synonymous variants and their effects on protein functions can be predicted by computational methods based on quantifying constraint on the affected residue from conserved protein sequences. However, such an approach cannot be applied to noncoding variants. Therefore, alternative types of computational methods utilizing various genomic and epigenomic annotations have been developed, such as the tool named Genome-Wide Annotation of VAriants (GWAVA) that can support prioritization of non-coding variants (31) . The regulatory mutations from the Human Gene Mutation database (HGMD) (32) were used as the disease variant set for training data, and common SNPs of the 1000 Genomes Project (33) were selected as the control variant set for GWAVA to identify annotations useful for discriminating functional non-coding variants from benign variants (31) .
The Combined Annotation-Dependent Depletion (CADD) is another approach to prioritize deleterious and pathogenic variants by the 'C score' derived from integrating multiple annotations including conservation metrics, regulatory information, transcript information and protein-level scores (34) . The ability of CADD to measure deleteriousness of human genetic variants has been achieved by training a support vector machine to contrast the annotations of fixed derived alleles in the human genomes (i.e. less deleterious) with those of simulated data sets that have more deleterious variants. Notably, CADD can also be applied to short insertions and deletions (indels) in the non-coding regions.
Genome editing and stem cell models
The above computational methods could provide functional predictions for non-coding variants; however, further functional (especially in vivo) assays are important experimental steps to investigate the molecular mechanism of non-coding variants in human disease. A classic approach to study functional consequences of human disease-associated SNV has been to engineer variation into mouse models. An analogous approach applicable to large CNVs associated with genomic disorders, such as the Smith-Magenis deletion syndrome and Potocki-Lupski duplication syndrome (35) , has been of proven utility for elucidating functional evidence for the role of dosage-sensitive genes and mirror traits (35) (36) (37) (38) .
In the past few years, the renovation and development of the CRISPR/Cas technology (39) enables the quick and accurate genome editing in various model organism for both SNPs and small indels. Recently, the CRISPR/Cas methods have also been successfully utilized for engineering large CNVs and inversions at the megabase level in mice (40) .
However, evolutionary conservation is still the prerequisite for functional assays of non-coding variants using genome editing technologies in model organisms. When the non-coding variants of interest are not conserved in mouse, it has also been feasible to directly obtain the human genetic variant of interest using the stem cell technologies, such as patient-derived iPSCs, for further in vitro functional assays (41, 42) .
Non-coding CNVs in Human Diseases
CNVs, whose functional effects were elucidated by studies of genomic disorders, play an important role in human Mendelian traits and complex diseases (43) (44) (45) (46) . These large pathogenic CNVs frequently affect multiple genes or truncate a specific R104 | Human Molecular Genetics, 2015, Vol. 24, No. R1 functional gene, which can consequently lead to clinical conditions via the molecular mechanisms of gene dosage effect (haploinsufficiency and triplosensitivity), gene interruption, gene fusion and other effects on gene function including non-coding variant effects (47) . Evidence documented during the past few years supports that CNVs in the non-coding regions can also be pathogenic by a position effect mechanism (47) .
Functional CNVs (both deletions and duplications) have been frequently identified in upstream non-coding regions of diseaseassociated genes (Fig. 1), including POU3F4 (48) , IRGM (49), NR0B1 (50) and PMP22 (51,52) . In some instances, the CNVs in the noncoding regions downstream to a candidate gene can also be pathogenic by perturbing gene regulation; for example, the 150 kb duplications downstream to the PLP1 gene is associated with spastic paraplegia type 2 with axonal peripheral neuropathy (54) . In addition, a recurrent 47 kb deletion in the downstream region of SHOX, involving a previously uncharacterized SHOX enhancer, has been identified in 15% of patients with Leri-Weill dyschondrosteosis (a skeletal dysplasia characterized by short stature) and 2% of subjects with idiopathic short stature in the Spanish population (53) .
Intriguingly, deletions and duplications in either upstream or downstream regions of a specific gene can result in different clinical phenotypes as shown at the SOX9 locus (Fig. 1) . A 1.5 Mb de novo deletion, 380 kb upstream to SOX9, has been identified in a 46,XY patient with male-to-female sex reversal (55) . In contrast, Human Molecular Genetics, 2015, Vol. 24, No. R1 | R105 upstream duplications of SOX9 with variable sizes have been observed to cause female-to-male sex reversal (56) . Notably, three deletions in the long-range (>1 Mb in linear distance) flanking regions of SOX9 (two upstream and one downstream to SOX9) are associated with Pierre Robin sequence, a developmental defect sometimes associated with cleft palate (57) . This suggests the existence of very long-range cis-regulatory elements in the flanking regions of SOX9 (57). Interestingly, genomic duplications of such cis-regulatory elements of SOX9 can also lead to brachydactylyanonychia in Cooks syndrome (58) .
The variable phenotypes manifested by overlapping CNVs upstream to the SOX9 gene may reflect the different cis-regulatory elements located in the non-overlapping regions (60) . Alternatively, the inconsistent phenotypes may also suggest potential position effects and misexpression of these genes outside of the CNV regions. For example, the employment of chromosome conformation capture (4C-seq) technology in the Williams-Beuren Syndrome critical region (WBSCR) showed that the WBSCR deletion can cause chromatin conformation changes outside of the deletion region and disrupt the expression of the genes flanking WBSCR (23) . Similarly, RNA sequencing of lymphoblast lines from carriers of 16p11.2 CNVs also showed altered expression of the genes outside the CNV region (61) . Recently, a more complex example has been shown in the locus spanning WNT6/IHH/ EPHA4/PAX3 genes, in which deletion, duplication and inversion SVs can misregulate their flanking genes and result in variable phenotypes of limb malformations (59) . A pathogenicity model of SV-rearranged structure of neighboring topologically associated domains (TADs, the regulatory units within which enhancers and promoters can interact) and their associated enhancer and boundary elements was proposed (59) .
Besides the functional CNVs involving the non-coding regulatory elements of protein-coding genes, pathogenic CNVs can also affect non-coding genes, such as lncRNAs (62) . It was observed that 16q24.1 deletions can cause a lethal lung developmental disorder, alveolar capillary dysplasia with misalignment of pulmonary veins. The smallest overlapping region of these 16q24.1 deletions is 75 kb, involving lung-specific lncRNA genes that were suggested to contribute to long-range regulation of FOXF1, a protein-coding gene in which point mutations can result in the same lung disease (62) .
Compound Inheritance of Large Genomic Deletions and Non-coding Variants
Utilizing genome-wide CNV detection technologies, genetic researchers have identified many large genomic CNVs as the causative genetic factors of human diseases (63) . Accordingly, more and more pathogenic loci have been incorporated into molecular diagnostic panels (64, 65) . However, in some rare instances, these pathogenic CNVs can also be found in human populations at a very low frequency or transmitted from unaffected parents. These variable phenotypes suggested the possible existence of some modifying genetic factors in addition to the large genomic CNVs. Recent progress has shown that the SNPs and CNVs in non-coding regions can be the genetic modifiers.
Frequent 1q21.1 deletion in the human genome has been observed in the rare thrombocytopenia with absent radii (TAR) syndrome (66) . This deletion in the TAR patients can be inherited from unaffected parents, suggesting an autosomal recessive inheritance (66) . Intriguingly, low-frequency regulatory SNPs of RBM8A, the TAR syndrome-associated gene in 1q21.1, were identified as the second recessive allele to downregulate the expression of RBM8A (67) . Such an autosomal recessive combination of one regulatory SNP of RBM8A and a 1q21.1 deletion CNV can explain the majority (51/53) of the affected patients with TAR syndrome (67) .
Non-coding CNVs can also be the second allele at a locus consistent with a recessive model. In a recent study on BurnMcKeown syndrome, large 18q23 deletions were identified as the first recessive alleles in 4 out of 11 patients (68) . The smallest region of overlap shared by these deletions affect TXNL4A, the gene involved in Burn-McKeown syndrome (68) . Interestingly, a low-frequency 34 bp deletion of the TXNL4A gene promoter regions was shared by all the above four cases with large 18q23 deletions. Dual luciferase assays showed that this promoter deletion can dramatically reduce TXNL4A expression (68).
In the above two loci, RBM8A and TXNL4A, the non-coding pathogenic variations are suggested to be recessive (67, 68) , consistent with compound inheritance of two autosomal recessive alleles. However, more complexity has been recently revealed in the TBX6 locus of human chromosome 16p11.2. Compound inheritance was demonstrated for a rare null allele and a common hypomorphic allele in association with a common/complex trait-scoliosis (69) . This compound inheritance model accounted for 8-11% of congenital scoliosis in the Chinese population studied (69) .
Deletion CNVs of 16p11.2 are associated with various complex disease phenotypes, including autism (70, 71) , obesity (72, 73) , Müllerian aplasia (74) and congenital scoliosis (69, (75) (76) (77) . This 16p11.2 deletion is recurrent and mediated by non-allelic homologous recombination occurring between two large flanking human genomic low-copy repeats; therefore, the deletion sizes and gene contents are consistent between deletion carriers. How did the same genomic deletion cause different clinical conditions? In addition, the inter-individual phenotypic variability has also been observed between the deletion carriers in the same family (76) . Therefore, the popular mechanism of haploinsufficiency cannot completely explain the clinical disorders associated with 16p11.2 deletion. Instead, based on the genetic model of autosomal recessive inheritance, some groups tried to find the additional functional mutations in the coding genes within the 16p11.2 deletion regions to explain the variable phenotypes of scoliosis between deletion carriers, but no non-synonymous mutations were identified in the candidate gene TBX6 in 16p11.2 (69, (75) (76) (77) . Intriguingly, a common haplotype of TBX6 has been identified in the deletion carriers with congenital scoliosis (69) . In vitro functional assays suggest that two non-coding SNPs, which define the above scoliosis risk haplotype, can moderately downregulate the gene expression level of TBX6, representing a hypomorphic allele of TBX6 (69). These findings of a contributing CNV and a functional SNP, with a rare plus a common variant, fit more with a Clan Genomics model, in which the unique combinations of rare variants characteristic of a recent family lineage can have a causative role in disease, than a dichotomous rare Mendelian disease versus common/complex disease genetic model (78) .
Compound inheritance for a bleeding diathesis was shown for Sotos syndrome patients due to recurrent deletion CNV involving both NSD1 and FXII in association with a non-coding functional SNP at the FXII locus; both genes are encompassed within the recurrent CNV associated with Sotos syndrome (79) . Subjects bearing the functional SNP associated with lower expression were documented to have the lowest FXII levels (79) . Thus, variability of expression in a deletion CNV can result from non-coding variants on the remaining allele. Common functional SNVs may be more likely to contribute to variability of clinical expression of microdeletion syndromes than rare variant alleles in coding sequences (80) .
Conclusions
Human genetic mutations/variants in the coding regions have been long known as important genetic contributors to Mendelian and complex diseases. Accordingly, the genome technologies of WES (81) (82) (83) and genome-wide microarrays (64, 65) have been widely used for gene discovery and for molecular diagnostics of pathogenic SNVs and CNVs for human diseases, especially congenital disorders. However, recent progress in genetic and genomic studies has identified functional genetic variants in non-coding regions of the human genome. Therefore, whole genome sequencing (WGS) could be informative and promising for the future clinical practice (84,85) not only because of its ability to characterize non-coding functional variants but also because it enables robust identification of SV, including CNV and copy number neutral SV such as inversions and translocations. This research trend also demands the technical and methodological innovations to assist in functional interpretation and data mining from millions of non-coding variants that can be found in a single human genome (84) .
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